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Direct Activation of the Ventral Striatum
in Anticipation of Aversive Stimuli
The ventral striatum is critically involved in processing
appetitive/pleasurable events (Berns et al., 2001; Ber-
ridge and Robinson, 1998; Knutson et al., 2001). Animal
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studies have shown that in appetitive events, the antici-1PET Centre
pation of reward activates the ventral striatum more thanCentre for Addiction and Mental Health
the actual consumption, e.g., dopamine release occurs2 Rotman Research Institute
more robustly in this region during reward anticipationBaycrest Geriatric Centre
than during reward consumption (Berridge and Rob-Toronto, Ontario
inson, 1998; Ikemoto and Panksepp, 1999; Schultz,3 Department of Psychology
1998). For example, recently Phillips and coworkers4 Department of Medical Imaging
(Phillips et al., 2003) showed that dopamine increases5 Department of Psychiatry
in the nucleus accumbens in rats in response to cuesUniversity of Toronto
that have a learned association with cocaine. In keepingToronto, Ontario
with this, in humans the ventral striatum has been re-Canada
ported to be activated as measured using fMRI, in antici-
pation of monetary, gustatory, and olfactory rewards
(Berns et al., 2001; Breiter et al., 2001; Elliott et al., 2000;Summary
Gottfried et al., 2002; Knutson et al., 2001; O’Doherty et
al., 2002).The brain “reward” system, centered on the limbic
The role of the ventral striatum in processing aversiveventral striatum, plays a critical role in the response
events is currently controversial (Horvitz, 2000, 2002;to pleasure and pain. The ventral striatum is activated
Mirenowicz and Schultz, 1996; Redgrave et al., 1999;in animal and human studies during anticipation of
Spanagel and Weiss, 1999). Based on animal studies,appetitive/pleasurable events, but its role in aversive/
some authors argue for a primary role of the ventralpainful events is less clear. Here we present data from
striatum in all motivated behaviors (Horvitz, 2002; Sala-three human fMRI studies based on aversive condi-
mone, 1994); others argue that it is not involved in aver-tioning using unpleasant cutaneous electrical stimula-
sive events (Schultz, 1998) or propose that any seemingtion and show that the ventral striatum is reliably acti-
involvement of the reward system in aversive eventsvated. This activation is observed during anticipation
could be secondary to the relief reward experienced atand is not a consequence of relief after the aversive
the offset of aversive stimuli (Horvitz, 2000). Someevent. Further, the ventral striatum is activated in an-
groups have failed to find an activation of the ventralticipation regardless of whether there is an opportu-
striatum in anticipation of aversive stimuli in humansnity to avoid the aversive stimulus or not. Our data
(Breiter et al., 2001; Gottfried et al., 2002; Knutson etsuggest that the ventral striatum, a crucial element
al., 2001; O’Doherty et al., 2002), but these groups usedof the brain “reward” system, is directly activated in
abstract or mild aversive stimuli (e.g., monetary loss,anticipation of aversive stimuli.
taste of saline). In animals, mild aversive events like air
puffs to the arm of monkeys (Mirenowicz and Schultz,Introduction
1996) or taste of hypertonic saline (Mirenowicz and
Schultz, 1996) also failed to recruit the ventral striatum.The ability to anticipate pleasure and pain is a funda-
However, stronger and more aversive stimuli like foot
mental ability of animals and humans. The brain “re-
shock (Sorg and Kalivas, 1991) and anxiogenic drugs
ward” system centered on the limbic ventral striatum
(McCullough and Salamone, 1992) do reliably activate
plays a critical role in this ability (Ikemoto and Panksepp, it. Using thermal pain as an aversive stimulus, Becerra
1999; Schultz et al., 1993). It is suggested that neurons and colleagues (Becerra et al., 2001) reported that in
in the ventral striatum, i.e., nucleus accumbens, ventral addition to the pain circuit, the ventral striatum was
caudate, and ventral putamen, have access to central activated in humans. Their study was not particularly
representations of reward and thereby participate in the designed to examine if this activation was observed
processing of information underlying the motivational during anticipation of the aversive stimulus since it used
control of goal-directed behavior (Schultz et al., 1992). a blocked design with varying temperatures. They found
The ventral striatum is appropriately connected to sub- however that the reward circuitry seemed to be acti-
serve such a function. It receives afferents from diverse vated earlier than regions more closely associated with
limbic/paralimbic regions, i.e., insula, hippocampus, somatosensory perception.
amygdala, and prefrontal cortex, which all are known to In light of this background, the focus of the present
be important for motivational processes (Kalivas et al., study was to examine: (1) whether mere anticipation
1993; Mesulam, 2000; Mogenson et al., 1993), and it of an aversive event leads to activation of the ventral
projects mainly to the ventral globus pallidus (Mesulam, striatum; (2) whether this activation is direct, i.e., related
2000; Mogenson et al., 1993), thereby being a gateway to aversive anticipation or whether it is secondary to
“from motivation to action” (Mogenson et al., 1993). the offset of the aversive stimulus; and (3) whether the
possibility of actively avoiding the aversive stimulus
yields similar results as being passively subjected to it.*Correspondence: shitij_kapur@camh.net
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Figure 1. Statistical Parametric Maps from
Experiment 1 Showing Activations in the Ven-
tral Striatum and Anterior Insula
The statistical parametric maps (SPM) are the
results of a contrast with a greater neuronal
response to the S stimuli relative to the S
stimuli. An uncorrected p value of 0.001 was
used as the threshold. The views of the brain
selected are at z  2 for the axial and y  6
for the coronal. The colors refer to t values.
To do so, we used individually titrated, “unpleasant but analyses are done in native space rather than on spa-
tially normalized data. The FSL3 analysis confirmed thetolerable,” electrical stimulations as the aversive stimu-
lus (AvS). This AvS was chosen since it is a concrete SPM99 findings and yielded three large clusters with
peak activations in the right ventral striatum, left ventralexperience (as opposed to an abstract notion such as
loss of points in a game), the intensity of the electrical striatum, and left anterior insula respectively (Table 2).
These clusters also contained local maxima in the regionstimulation for each subject can be adjusted to a given
level of unpleasantness; and finally, foot shock has been of right anterior insula and in the region of right anterior
cingulate—thus replicating the observations of the SPMone of the most commonly used AvS in animal experi-
ments where the ventral striatum has been implicated. analysis. No other regions were activated. Thus, we ob-
served reliable activation of the ventral striatum with
mere anticipation of an aversive event.Results
Experiment 1 Experiment 2
To examine if the anticipation of AvS activates the ven- To address the question of whether the activations in
tral striatum, 11 subjects saw randomly sequenced col- ventral striatum were associated with the onset of the
ored circles appear on a screen, where one color (S) S (as would be predicted by a “direct” activation idea)
was followed 5 s after onset by a brief (200 ms) AvS in or to the offset of the S (as would be expected if the
one-third of the trials. The intensity of the AvS was ti- activation of the ventral striatum was related to the relief
trated individually prior to the experiment to a level from termination of the aversive stimulus), a second
where the subjects experienced it as “unpleasant but experiment was conducted. The experimental paradigm
tolerable” (mean  SD; 58V  21V). The other colored in experiment 2 was similar to the first (n  6; US 
circles (S) had no consequences. 52V  25V), but a different imaging protocol was used.
We compared the blood-oxygen level-dependent Based on an a priori hypothesis, we focused the imaging
(BOLD) responses for S versus S trials using a random on the region containing the ventral striatum that is opti-
effects analysis implemented in SPM99. Only the S mally done using coronal acquisition. By focusing on
trials not followed by shock were used in the contrast. the brain region of interest it became possible to double
The data showed differential activations in bilateral ven- the sampling rate (TR  1.2 s versus TR  2.3 s), and
tral striatum, bilateral anterior insula, and right anterior thus we collected four volumes of the region of interest
cingulate (Figures 1 and 2; Table 1). To ensure the relia- during anticipation compared to two in experiment 1
bility of this finding, we analyzed the data using another allowing a much more precise estimation of the time
image analysis software, FSL3, where the time-series course of activation. We modeled the hypothesis as an
explicit contrast: (S onset  S offset)  (S onset 
S offset). Activations were obtained in bilateral ventral
striatum (left: coordinates 12, 12, 10; peak Z  3.60;
Table 1. Activations Comparing Evoked Responses in Anticipation
of an Aversive Stimulus and Anticipation of No Consequence,
S versus S, Using SPM99
Region Coordinates ml Peak Z
Ventral striatum
Left 16, 4, 4 2.2 3.85
Right 24, 4, 4 2.0 3.93
Anterior Insula
Left 36, 8, 0 4.8 4.19
Right 32, 12, 0 1.3 3.43
Anterior Cingulate
Right 4, 36, 32 1.1 3.93
Data are thresholded at p  0.001 (uncorrected) and only clusters
Figure 2. Average  Values in the Ventral Striatum Peak Voxels in with 15 voxels are reported.
Experiment 1 Are Shown with Standard Error Bars
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Table 2. Activations Comparing Evoked Responses in Anticipation of an Aversive Stimulus and Anticipation of No Consequence,
S versus S, Using FSL3
Region Coordinates ml Peak Z p Value (Extent)
Ventral striatum
Left 8, 10, 2 7.5 4.60 0.01
Right 12, 6, 4 17.5 5.29 0.001
Anterior insula
Left 44, 14, 6 4.9 3.95 0.05
Data are thresholded at Z  2.33 and corrected for cluster size.
p  0.01 corrected; right: coordinates 12, 10, 2; peak cessfully avoided while S would be followed by a visual
star. We collected the subject’s reaction times (RT) forZ  4.37; p  0.01 corrected; individual  values are
shown in Figure 3). Further, the BOLD responses in the their avoidance response. Further, to assess autonomic
arousal, galvanic skin responses (GSR) were alsopeak voxels in the ventral striatum suggest that it is
the S onset rather than offset that activate this region sampled.
The titrated intensity level of the AvS was 62V  24V.(Figure 4). We also found responses in bilateral anterior
insula, but not in the cingulate or in the amygdala. No differences were obtained in the frequency of suc-
cessfully avoided S trials and S trials [77%  4%
versus 74%  8%; t(16)  1.80, p  n.s.]. In keepingExperiment 3
Organisms seldom respond passively to expected aver- with the aversive consequences of S, the avoidance
RT were however shorter for the S events comparedsive stimuli—they try to escape from them. In experiment
3 we wanted to investigate whether an active avoidance to the S events [255  37 versus 278  48 ms; t(16) 
3.26, p  0.01]. A higher frequency of GSR above 0.05task would yield results similar to the passive paradigms
used in experiments 1 and 2. This experiment was based S was obtained in the S trials compared to the S
trials [69%  36% versus 37%  27%; t(8)  3.34,on conditioned avoidance where a motor response was
required to avoid the AvS and a neutral stimulus. Seven- p  0.01]. The analysis of the fMRI data yielded seven
clusters when contrasting S versus S (Table 3). Weteen subjects saw the same colored circles as in the
previous experiments that denoted anticipation—but found clusters with peak voxels in regions similar to
the passive experiments 1 and 2, i.e., bilateral ventralthe circles now predicted that a target stimulus would
appear soon and the subject would have to respond to striatum, bilateral anterior insula, and anterior cingulate
(see Figure 5). There were also two additional clustersthe target as quickly as possible by pressing a mouse
button. One of the colors (S) told the subject that if in the right cerebellum and in the right supramarginal
gyrus respectively. The plot of signal change versusthey did not respond quickly enough during the target
they would receive the brief AvS to the index finger. time displayed similar responses for S as the passive
paradigm in Experiment 2, while the control conditionAnother color (S), which served as a motor/attentional
control condition also required the subjects to respond also showed an increased BOLD response (Figure 6).
However, the response peaks in the ventral striatum foras quickly as possible, but the consequence in the case
of failure was a visual star presented to the screen. The S were about twice as high as for S.
“as quickly as possible” threshold for avoidance was
adjusted such that subjects should be successful only
Discussion
in about 75% of the trials. The subjects were told before-
hand that S would be followed by the AvS if not suc-
While a previous study has shown that experience of
painful thermal stimulation activates the ventral striatum
(Becerra et al., 2001), this is to our knowledge the first
study to show that mere anticipation of an aversive stim-
ulus activates the ventral striatum in humans. The results
are reliable as they have been confirmed in three experi-
ments over 34 subjects, with two different imaging se-
quences, with two different paradigms, and further con-
firmed in experiment 1 with two different methods of
analysis. The onset/offset analysis confirms a direct ac-
tivation by the stimulus associated with the AvS, rather
than an effect secondary to some kind of relief.
There seems to be a link between dopamine, reward,
and brain activations in the ventral striatum. Cocaine
administration, which leads to dopamine release, in rats
has been reported to result in brain activations in the
ventral striatum (Marota et al., 2000) which is part of the
mesolimbic dopaminergic system that has been impli-Figure 3. The Figure Shows Individual  Values in Peak Voxels in
the Ventral Striatum Obtained in Experiment 2 cated in the acutely rewarding actions of cocaine
(Breiter et al., 1997). Our findings are consistent withThe dashed lines refer to mean values. VS, ventral striatum.
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Figure 4. The Percent Signal Change for Peak Voxels in Experiment 2 in the Left Ventral Striatum and Right Ventral Striatum Relative to Time
Are Shown with Standard Error Bars
The left ventral striatum coordinates: x  12, y  12, z  10; right ventral striatum: x  12, y  10, z  2.
the hypothesis that the anticipation of rewarding (or the amygdala (Mesulam, 2000). The anterior insula relays
sensory information back to the amygdala and has beenaversive) events activates the ventral striatum (Berridge
and Robinson, 1998; Ikemoto and Panksepp, 1999). reported to be involved in tactile learning and reactions
to pain (Mesulam, 2000) as well as in processing emo-These data are consistent with several studies in the
animal literature which point to a role of the ventral tionally relevant contexts such as disgust (Phillips et al.,
1997). The anterior cingulate is associated with hetero-striatum in modulating behavior to aversive and painful
stimuli (for review see Salamone, 1994) suggesting a geneous behavioral functions including attention, mem-
ory, learning, motivation, pain perception, and visceralmore general role for the ventral striatum in responding
to salient stimuli (Horvitz, 2002). Our data are consistent function (Casey et al., 1994; Devinsky et al., 1995; Mesu-
lam, 2000). Thus, like the ventral striatum, these struc-with a broader bivalent role of the ventral striatum in
humans. The failure of previous studies in humans tures have extensive inputs from the amygdala, and the
activation of the anterior insula and anterior cingulate(Breiter et al., 2001; Gottfried et al., 2002; Knutson et
al., 2001; O’Doherty et al., 2002) to see activation in in concert with the ventral striatum probably represents
the negative psychological experience associated withanticipation of aversive stimuli may have been due to
the mild and perhaps abstract nature of those aver- aversive events.
Somewhat surprisingly, we did not find direct activa-sive stimuli
The findings in experiment 3, which involved an aver- tion of the amygdala, which has been reported by groups
using aversive Pavlovian conditioning (Buchel et al.,sive condition requiring action and a neutral condition
also requiring action, support this more general “motiva- 1998, 1999; LaBar et al., 1998). A reason for the absence
of amygdala activation is probably that the subjects didtional salience” role for this system rather than being
specifically involved in appetitive reward. Besides not have to learn the association between S and AvS
during the experiment and we did not use an extinctionavoiding the aversive stimulus, the subjects were re-
quested to try to avoid a neutral stimulus and the sub- phase. The amygdala seems to be activated mainly dur-
ing learning phases in conditioning paradigms (Buchel etjects complied well with the instructions since there are
no differences in the number of avoided trials between al., 1998, 1999; LaBar et al., 1998), i.e., during acquisition
and extinction phases of the association. For example,event types. Further, the avoidance RT is only 9% longer
for the S compared to S events and GSR above
threshold were obtained in 37% of the S events. These
Table 3. Activations Comparing Evoked Responses in Anticipationdata suggest that the subjects seem to experience some
of Avoiding an Aversive Stimulus and Anticipation of Avoiding
kind of autonomic arousal in the neutral trials although a Neutral Stimulus, S versus S, Using SPM99
to a significantly lesser extent compared to aversive
Region Coordinates ml Peak Zevents. Both event types had reasonable size of BOLD
signal change in peak voxels in the ventral striatum Ventral striatum
Left 12, 4, 8 1.2 4.73(Figure 6), but the aversive event was of larger magni-
Right 8, 4, 4 2.4 3.90tude compared to the more neutral event. Thus, the
Anterior Insulafindings of the present study support the salience sys-
Left 40, 20, 4 6.6 4.89
tem hypothesis (Horvitz, 2002; Kapur, 2003). Right 56, 8, 4 1.5 4.29
Although our paradigm is not conventional Pavlovian 20, 36, 4 2.7 3.97
conditioning, i.e., we told our subjects beforehand about Anterior Cingulate
Left 8, 4, 32 37.6 6.34the association between S and AvS, it is similar. Activa-
Cerebellumtions of the anterior insula and anterior cingulate have
Right 20, 48, 32 30.5 5.44been robust in studies with classical aversive condition-
Supramarginal gyrus
ing paradigms (Buchel et al., 1998, 1999), but also in Right 52, 28, 24 5.2 5.04
anticipation of reward-related outcome (Critchley et al.,
Data are thresholded at p  0.001 (uncorrected) and only clusters2001). The anterior insula and anterior cingulate are con-
with 15 voxels are reported.
sidered paralimbic regions and have major inputs from
Ventral Striatum Anticipating Aversive Stimuli
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Figure 5. Statistical Parametric Maps from
Experiment 3 Showing Activations in the Ven-
tral Striatum, Anterior Cingulate, and Ante-
rior Insula
The statistical parametric maps (SPM) are the
results of a contrast with a greater neuronal
response to the S stimuli relative to the S
stimuli. An uncorrected p value of 0.001 was
used as the threshold. The views of the brain
selected are at z  4 for the axial and y  6
for the coronal. The colors refer to t values.
In an initial session before the scanning, all subjects underwent athe studies by Buchel and collaborators used a function
structured interview concerning their physical and psychiatric healthof time as a regressor that resulted in a significant time
history. Only healthy subjects were included.x condition interaction for amygdala. We did not use
Experimental Protocol
any functions of time since we were interested in antici- The paradigm was based on classical aversive conditioning using
pation. Another reason might be that other studies using a 33% partial reinforcement schedule with cutaneous electrical stim-
ulation to the left index finger as aversive stimulus (AvS). The inten-aversive conditioning sometimes exclude subjects who
sity of the 200 ms AvS was titrated individually until it reached awere determined not to show conditioned responses
level where the subject said it was “unpleasant but tolerable.” Asbased on their galvanic skin response (e.g., Buchel et
cues (S and S) we used yellow/blue circles with a duration of 5 s.
al., 1999). We did not exclude any subjects on the basis The AvS immediately followed the offset of the S circle in 33%
of any auxiliary measure. Finally, it might be that the (Spaired) of the trials. The S circle had no consequences. The sub-
amygdala is close to the regions sensitive to magnetic jects were told before the experiment began that the S circles
sometimes were followed by the AvS, but were not informed aboutsusceptibility (Patterson et al., 2002); we inspected our
the reinforcement schedule. A fixation cross was presented betweenimages in the region of ventral striatum for possible
trials and a fixed intertrial interval of 8.8 s was used. The experimentsignal dropout but not in the region of amygdala. consisted of 75 randomized trials: 15 S presentations paired with
The additional activations in the cerebellum and right the AvS (Spaired), 30 S trials without (S), and 30 S trials. Before the
supramarginal gyrus in experiment 3 are consistent with experiment started, two additional Spaired trials were used to get the
subjects familiar with the experimental setup.earlier findings in studies investigating preparatory mo-
Apparatustor functions (Adam et al., 2003; Ramnani and Miall,
The AvS was delivered by a stimulating bar electrode (30 mm elec-2003; Toni et al., 2001). Since both event types in our
trode spacing; Chalgren Enterprises, Gilroy, CA) placed on the left
study demanded motor preparation, our findings sug- index finger using a gel as electrolyte. The electrode was attached
gest that these regions are involved in evaluating the to a Grass Instruments SD-9 stimulator (Grass-Telefactor, West War-
wick, RI) via well-isolated coaxial cable leads through a waveguide.potential motor significance of sensory stimuli similar to
The subjects used an adjustable mirror located above their eyes tothe results from Toni and collaborators (Toni et al., 2001).
view the back-projected S images on a screen placed at the footIn summary then, our data are consistent with a biva-
of the scanner bed. The E-prime software (Psychology Software
lent role of the ventral striatum, i.e., being a gateway Tools, Inc., Pittsburg, PA) controlled the stimulus presentations,
from motivation to action regardless of the valence of triggered the stimulator, and collected the RT in experiment 3.
Image Acquisitionthe motivation. These findings support the idea that the
MRI scans were acquired by a GE Signa 1.5 T scanner (Generalmesolimbic dopaminergic “reward” system is probably
Electric, Waukesha, WI) equipped with a standard head coil. In abetter conceptualized as a salience system (i.e., in-
single session, 480 volumes (28 contiguous axial 4.4 mm thick slices)
volved in all outcomes that are likely to motivate the covering the whole brain were acquired using a T2*-sensitive spiral
subject’s behavior) (Horvitz, 2002; Kapur, 2003). sequence (TR  2300 ms; TE  40 ms; flip angle 85	; matrix 64 

64; FOV 200 
 200 mm). For localization purposes, IR-Prepped 3D
Experimental Procedures FSPGR T1-weighted anatomical images (124 contiguous axial 1.5
mm thick slices) were acquired (TR 12 ms; TE 5.4 ms; flip angle
Experiment 1 20	; matrix 256 
 256; FOV 200 
 200 mm).
Subjects The images were visually inspected for signal dropout due to
Eleven right-handed subjects (five females) aged 28  6 years gave magnetic susceptibility in the region of ventral striatum. Volumes
written informed consent and participated in the study according acquired during AvS were discarded for all subjects as the images
showed artifacts in the slices obtained during the delivery of the AvS.to the guidelines of the local ethical review board.
Figure 6. The Percent Signal Change for
Peak Voxels in Experiment 3 in the Left Ven-
tral Striatum and Right Ventral Striatum Rela-
tive to Time Are Shown with Standard Error
Bars
Left ventral striatum coordinates: x  12,
y 4, z8 and right ventral striatum: x 8,
y  4, z  4.
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SPM99 Analysis other. In total, 40 S trials and 40 S trials were used. The subjects
were told to try to avoid both types of consequences. The cue wasAll volumes were realigned to the first volume (Friston et al., 1995b)
presented for 3 s and there was a 1.5 s gap between cue offset andand the anatomical image was coregistered to a functional image
target onset. The AvS immediately followed the targets offset whento ensure that they were aligned. Finally, the images were spatially
not avoided. A fixation cross was presented between trials andnormalized (Friston et al., 1995a) to a standard EPI template (Evans
each trial lasted for 13.8 s; i.e., the intertrial interval was about 9 set al., 1993), resampled at 4 
 4 
 4 mm and smoothed using a 10
depending on the subject’s reaction time. The 200 ms AvS wasmm FWHM isotropic kernel. The data were analyzed by modeling the
titrated individually until it reached the intensity where the subjectevent types as  functions convolved with a synthetic hemodynamic
said it was “unpleasant but tolerable” as described in the previousresponse function (HRF). The contrast used in the present study
experiments and delivered to the left index finger. The visual startested for greater responses evoked by S relative to S. The data
was presented for 200 ms when failing to avoid it.were thresholded at p  0.001 (uncorrected) and only clusters 15
GSR Recording and Analysisvoxels are reported.
The GSR was continuously monitored by PowerLab 2/20 (AD Instru-FSL3 Analysis
ments, Castle Hill, Australia) via long well isolated cables throughFEAT (FMRI Expert Analysis Tool) Version 5.00 was used with the
a wave guide. MRI compatible Ag/AgCl electrodes attached to thefollowing preprocessing steps: brain extraction using BET (Brain
terminal phalynx on the left middle and ring finger respectively wereExtraction Tool) (Smith, 2002); motion correction (Jenkinson et al.,
used. The GSR was sampled at 10 Hz. Since we did not have access2002); resampled at 2 
 2 
 2 mm and spatial smoothed using a
to MRI compatible electrodes in the beginning of the experiment,Gaussian kernel of FWHM 6 mm; time-series statistical analysis
GSR data are available for nine subjects only.carried out using FILM (FMRIB’s Improved Linear Model); coregis-
To correct for possible MRI-induced artifacts, the GSR signal wastration using FLIRT (Jenkinson et al., 2002; Jenkinson and Smith,
digitally low-pass filtered using a cut-off value of 2 Hz. To determine2001); and higher-level analysis by FLAME (FMRIB’s Local Analysis
the GSR, the peak value within the 10 s following the cue onset wasof Mixed Effects). Clusters were determined by a statistical threshold
taken and subtracted by the mean value of the 500 ms before cueZ  2.3 and a corrected cluster significance threshold of p  0.05
onset. The frequency of values higher than 0.05 S was calculated(Friston et al., 1994; Worsley et al., 1992).
for each of the four trials types modeled: successful avoidance of
AvS, successful avoidance of visual star, failed avoidance of AvS,
Experiment 2 and failed avoidance of visual star where the two latter were of
Six right-handed subjects (one female) aged 25  3 years partici- no interest.
pated. The procedure was the same as described in experiment 1. Image Acquisition and Analysis
In a single session, 950 partial volumes (15 contiguous coronal The image acquisition, SPM99 preprocessing, and SPM99 analysis
4.0 mm thick slices; 5 slices posterior to the anterior commissure was similar to experiment 1. However, 483 volumes were acquired
and 10 anterior to it) were acquired using a T2*-sensitive spiral and four regressors were modeled for in the analysis: successful
sequence (TR  1200 ms; TE  40 ms; flip angle 76	; matrix 64 
 avoidance of AvS (S trials), successful avoidance of visual star (S
64; FOV 200 
 200 mm). For localization purposes, whole-brain IR- trials), failed avoidance of AvS, and failed avoidance of visual star
where the two latter regressors were of no interest. Further, we usedprepped 3D FSPGR T1-weighted anatomical images (124 contigu-
a fixed effects model in SPM since subject-specific regressors mightous coronal 1.5 mm thick slices) were acquired (TR  12 ms; TE 
introduce variance inhomogenities due to the unbalanced design5.4 ms; flip angle 20	; matrix 256 
 256; FOV 220 
 220 mm).
obtained, which violates the assumptions for a random effectsThe preprocessing steps of data were the same as in the SPM99
model within SPM (Holmes and Friston, 1998). The cue onsets wereanalysis in experiment 1 with the exceptions that the normalized
defined as event onsets in the model similarly to the other experi-images were resampled at 2 
 2 
 2 mm and smoothed using a 6
ments.mm FWHM isotropic kernel and a larger mask was constructed
using a modification by Dr. K. Christoff (www-psych.stanford.edu/
Acknowledgmentskalina/). A larger mask was needed since three subjects showed
some signal dropout in the region of the medial ventral striatum,
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